Abstract-The material's plasma exposure experiment (MPEX) is a steady-state, linear plasma facility proposed to provide plasma conditions that simulate the first wall and divertor of the next-step fusion devices. MPEX will use an actively cooled, high-power helicon antenna as a plasma source. The antenna is located outside of the vacuum region, and during operation, a significant percentage of the antenna power is deposited on the plasma facing surface of the antenna window. The window thus must be actively cooled so that thermal stresses do not become excessive. The design presented includes two cylindrical windows with an annular water passage in-between in order to allow active cooling. A ceramic-to-metal seal is proposed in order to produce a water-to-vacuum seal that will not outgas and produce impurities. Experimental results from an uncooled window on a short-pulse prototype experiment are modeled using finite-element (FE) results in order to correlate with the heat flux profile. The design of the actively cooled window assembly is presented with computational fluid dynamics and FE analyses to confirm that the hardware can function with a 200-kW antenna within performance limits.
science facility or DEMO will experience high heat fluxes, high energy neutron fluence, and helium and hydrogen isotope permeation. This combination of environmental effects is unique to the fusion environment, and research and development in the field of PMI will require integrated facilities that can provide prototypical conditions [3] . Particularly, facilities are required that will simulate conditions in the first wall and divertor regions. One such proposed facility is the material's plasma exposure experiment (MPEX) [4] - [6] .
B. MPEX Overview
MPEX will use a plasma source driven by a helicon antenna, which is a noncontact source that will produce a high-density plasma and minimize impurities (see Fig. 1 ). The plasma will be heated by electron Bernstein wave (up to 200 kW) and ion cyclotron heating (up to 400 kW) systems, which will produce heat fluxes of up to 10 MW/m 2 and ion fluxes of up to 10 24 /m 2 s over a 75 cm 2 area at a target where the plasma will terminate (PMI chamber). The PMI chamber will be at a pressure of 1-10 Pa, while some of the heating regions will require pressures significantly lower. This pressure profile will require substantial pumping trains at various locations along the device [7] . In order to provide long-pulse conditions, the plasma will be confined with superconducting magnets with on-axis fields from 1 to 2.5 T [8] . All plasma facing components will be actively cooled. To examine the plasma interactions with neutron damaged materials, MPEX will have the capability to handle low activation irradiated samples [9] . These samples will be able to transfer to a target exchange chamber without breaking vacuum, which will in turn have the capability of moving to an area where samples can be examined by sensitive diagnostics.
The helicon source is based upon a design that has been successfully demonstrated in a prototype experiment (Proto-MPEX). Power is coupled into the plasma through the antenna at a frequency of 13.56 MHz. The antenna is located in air, and the power is coupled through a ceramic cylinder (or "window") forming the vacuum boundary in this region. The choice to place the antenna outside of the vacuum is due to the fact that high neutral pressures in the range 0.1-3 Pa are required in the helicon section in order to produce the required plasma densities, and at this pressure and power level antenna sputtering would otherwise be likely to occur that could contaminate material samples being tested. However, a drawback is that up to 20% of the power launched by the 0093-3813 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. antenna is deposited on the inner surface of the window due to RF-plasma-sheath interactions and the production of hot neutrals. The window thus must be adequately cooled so that thermal stresses do not become excessive.
C. Research and Development Plan
The objective of this development activity is to create a helicon antenna assembly that is capable of operating at 200 kW in steady state. A challenge to this objective is the lack of a facility for testing that can operate at this high power in steady state. The Proto-MPEX facility can operate at high power (>100 kW) for short-pulse operations [10] using an uncooled helicon antenna window. Thus, the first step is to perform short-pulse experiments on Proto-MPEX and correlate with the finite-element (FE) modeling in order to confirm the heat flux profile. The second step is to design the actively cooled window and perform computational fluid dynamics (CFD) and FE analyses to confirm the design will function with a 200-kW antenna within performance limits. The third step (planned for the future) is to build and test the actively cooled window in a steady state, lower power facility.
II. PROTO-MPEX TEST AND ANALYSIS

A. Proto-MPEX Helicon Antenna
The Proto-MPEX device was developed to test the plasma and heating sources for a linear plasma experiment (see Fig. 2 ). The Proto-MPEX helicon antenna is water cooled and can be operated above 100 kW. A computer-aided design model of the Proto-MPEX antenna is shown in Fig. 3 . The window is uncooled and is made of aluminum nitride, see Fig. 4 (a) for a photograph of the antenna and window. (The window is shown in a vertical position, but is horizontal in the Proto-MPEX installation.) The window is instrumented with an infrared (IR) camera [see Fig. 4 (b)] and two fluoroptic probes to measure temperature on the window. There is roughly a 3.175-mm (0.125 in) gap between the antenna and the window. The fluoroptic probes are placed in contact with the window while passing through the web in the antenna in order to obtain the temperature underneath the antenna, where it is thought that the temperature could be highest (and where the result is inaccessible to the IR camera), see Fig. 5 for locations of the probe. The two probes are placed on opposite ends of the antenna and are 180°from one another around the window.
The antenna was operated for short pulses of 2 s at a variety of power levels, from 50 to 107 kW. The results are shown in Fig. 6 . The plasma was created using several different species (deuterium and argon) but the resulting heating on the window was not substantially different. There are several things to note regarding the temperature profile. From the IR video, it is noted that the temperature on the window varies both in space and time, and that the spatial variation is complex-it changes both along the length of the antenna, as well as azimuthally, in time. The variation along the length can be seen by the fluoroptic temperature probe results in Fig. 6 . (Note that the window was not always allowed to cool fully before a pulse was applied, and so the starting temperature of the two probes was not always equal.)
The temperatures of each of the probes, as well as the temperature at the center of view of the IR camera, both right before the pulse begins, and 50 s after the pulse ends, are given in Table I . As a rough confirmation of the two different temperature sources, the IR result always falls in-between the two probe values. Table II gives the change in temperature in the window at the two fluoroptic probe locations, as well as the absorbed power in the window, which can be calculated by
where Q is the absorbed power, T is the average temperature rise in the window, t is the pulselength, m is the mass of the window (where the density is 3260 kg/m 3 ), and C p is the specific heat (which is 740 J/kg · K). It is assumed that the average temperature rise in the window is the average of the two measured temperatures. The percent of the power that is applied to the antenna that is absorbed by the window is calculated to be approximately 15%. 
B. FE Analysis of Helicon Antenna Window
An FE analysis was performed to correlate with the experimental results in order to try to understand the variation of the deposited heat flux on the inner face of the window. Fig. 7 shows how the inner face of the window was divided into different regions where heat was applied. The thermal conductivity of aluminum nitride is 150 W/m · K. A hexdominant mesh was created, and refined appropriately to convergence (77 609 elements and 332 097 nodes). Fig. 8 shows a plot of the fluoroptic probe data compared with FE results for a variety of different heating scenarios. Different heat load applications are given in Table III . Result 1 assumed high inductive coupling, which would lead to higher heat fluxes under the antenna than the rest of the surface (from three to six times higher, depending on the region of the antenna). A total of 8 kW (16% of the power on the antenna) was applied. This results in a spike in the temperature that does not match the fluoroptic data. Result 2 was an examination of the other extreme, with all heat applied on the rest of the surface with none applied under the antenna. Again, an 8 kW was applied. The resulting temperature was too low over the time examined (36 s). Result 3 assumed an 8-kW power uniformly over the entire surface of the window. This results in a rise time that is much shorter than the experiment, and a peak temperature that is too low. It is noted that, although aluminum nitride has a relatively high thermal conductivity for a ceramic, because of the geometry, the thermal wave travels much more quickly through the thickness then along the length. Result 4 applied a portion of the heat on the far edge of the window, with a uniform heat flux through the rest of the window. This case assumed only 6.5-kW total power. This produced a closer match to both the risetime and the temperature profile. Fig. 9 shows the results on the high field side for the same simulations. Although the rise time of Result 4 is quicker than the experiment, the temperature profile comes to a similar final temperature. These results are not conclusive as to the precise heating pattern on the window. Such a conclusion could only be drawn with more instrumentation. Furthermore, even if a more precise heat flux pattern could be inferred, it is not clear that this would extrapolate exactly to a 200-kW steady-state case. However, a few things can be taken from this analysis and used for the actively cooled window. The heat flux varies from one end of the window to the other, with more heat applied at the ground side. Also, the total heat deposited on the window is on the order of 15% of the power in the antenna.
III. MPEX WINDOW DESIGN AND ANALYSIS
A. Actively Cooled Window Design
The actively cooled helicon antenna window must be designed using a material with low dielectric coefficient to have as little dielectric loss as possible. A preconceptual drawing of the helicon antenna within MPEX is shown in Fig. 10 . The water channel should be narrow (to prevent losses to the flowing water) and the ceramic should also be as thin as possible to keep the antenna standoff distance from the plasma from being too great. However, the ceramic must be thick enough to be structurally sound under the vacuum, water pressure, and thermal loading. It was decided to restrict the use of vacuum seals for vacuum boundaries in order to minimize sources of impurities. The choice was made to use a ceramicto-metal braze for the inner window. A basic model of the design concept is shown in Fig. 11 . An annular design was used, allowing for water to flow between two ceramic cylinders (fed from channels drilled through the vacuum flanges). Alumina was chosen for the inner window, due to ease of manufacture and water compatibility as compared to aluminum nitride. Quartz was chosen for the outer window, as it is a readily available, easily manufactured, low dielectric material, and the outer window will not experience a significant thermal load. The outer window uses elastomer seals as this is not a vacuum boundary. The inner diameter of the inner window is set to 12.7 cm (5 in), with a 3.175-mm (0.125 in) thickness. The width of the water channel, the thickness of the outer window, and the standoff from the outer window to the inner surface of the antenna are all set to 3.175 mm (0.125 in). The outer flange is stainless steel and is included in the model.
Initial designs of the inner window included baffles in order to try to produce uniform flow and prevent areas of low water flow. One of the more effective baffled designs is shown in Fig. 12 . However, as can be seen in CFD results shown in Fig. 13 , this design still resulted in hot spots, with a peak window temperature of 117°C from a uniform 40-kW heating load on the inner surface. (Details of this analysis are given in Section III-B). The decision was made to make the inner window with as few features as possible, and add complexity to the metal flanges in order to induce swirling flow, which does not result in "dead spots" in the flow (that produce hot spots in the window). This has the additional benefit of putting the manufacturing complexity in the metal components, which are much easier to machine, repair, and replace.
B. Actively Cooled Window Analysis
CFD was used to examine the thermal hydraulic characteristics of the actively cooled window design. The thermal hydraulic results were then transferred to an FE model in order to calculate the stresses in the window. The ANSYS commercial software is used for both the CFD and FE analyses. The material properties used for different analyses are shown in Table IV . For the CFD model, the inlet condition was a 2.715 kg/s mass flow rate, which would result in a 2 m/s velocity along the length of the window. The outlet condition was a 3-bar average pressure. A k-epsilon turbulence model is used, and the International Association for the Properties of Water and Steam (IAWPS) formulation temperature and pressure dependent water properties were used [11] . A heat flux of 40 kW is applied to the inner surface for all cases. This is 20% of the anticipated 200-kW power input to the antenna, which is a conservative value compared the roughly 15% that was calculated for the Proto-MPEX window. Fig. 13 shows the thermal contours of the alumina window. A mesh refinement was performed on the model to give confidence in a mesh-independent solution, and the final mesh used had 1 160 348 nodes and 3 656 032 elements, using four inflations layers with a first layer thickness of 0.1 mm and an inflation rate of 1.2. Fig. 14 shows a portion of the mesh. The pressure drop from the inlet to the outlet is 50.7 kPa.
The geometry for the swirl-induced design is shown in Fig. 15 . All components are made of stainless steel except for the inner window (alumina), the outer window (quartz), and the seal between the outer window and the flange (elastomer). The mesh for the cooling water of the swirl-induced design is shown in Fig. 16 . The final mesh used had 2 914 829 nodes and 9 005 380 elements, using four inflations layers with a first layer thickness of 0.1 mm and an inflation rate of 1.2. The inlet and outlet conditions were the same as the previous analysis (2.715 kg/s mass flow rate, and 3-bar average pressure, respectively). Again, a k-epsilon turbulence model and the IAWPS formulation temperature-and pressure-dependent water properties were used [11] . The total power applied to the surface is 40 kW, which is a 307 kW/m 2 heat flux. Flow lines are shown in Fig. 17 . It is apparent that the swirling produced prevents any regions of stagnant flow. The temperature contours are shown in Fig. 18 . It is clear that the peak temperature is much lower (by 29°C) than what was seen for the baffled window design (compared with Fig. 13 ). The pressure drop for this design is 5.4 bar due to the flow restrictions that produce the swirl flow. In the next iteration of the design, these orifices will be widened in order to reduce the pressure drop, but will be adequate to still induce the necessary swirling flow.
The previous analyses were performed for uniform heating on the inner window surface. However, as indicated in Section III-A, it is anticipated that the heat load will vary significantly along the length of the window. A case was examined assuming the following heat profile (resulting in a total applied power of 40 kW).
1) Groundside edge = 180 kW/m 2 .
2) Groundside ring = 800 kW/m 2 .
3) Helix = 600 kW/m 2 . 4) High field side edge = 90 kW/m 2 . 5) High field side ring = 400 kW/m 2 . 6) Rest of surface = 300 kW/m 2 . This is probably a conservative assumption, as it results in very definite changes in heat flux and thus high thermal gradients. The resulting temperature contours are shown in Fig. 19 . The peak temperature is 153°C, and the varying heat fluxes, combined with the poor thermal conductivity of alumina, lead to significant thermal gradients.
The thermal results from the CFD result were mapped to an FE structural model. The final mesh used had 2 245 476 nodes and 656 684 elements. A vacuum pressure was applied to the vacuum surfaces. A 4-bar pressure was applied in the region of water flow. The outer portion of the outlet flange was fixed in all directions. The outer portion of the inner flange was fixed in the plane of the flange, but was free to move normally, which allows for thermal expansion of the window. The material properties used are given in Table IV. The stress contours are shown in Fig. 20 . The maximum principal stresses are shown since this is a brittle material. The maximum principal tensile stress is 153.8 MPa. Since alumina can be produced with a tensile strength of 200 MPa, this design appears to be adequate. (Note that the maximum compressive strength of alumina is much higher, generally by an order of magnitude, than that of the maximum tensile strength. The peak compressive principal stress was also examined and was of the same order as the peak tensile stress.)
IV. CONCLUSION
An actively cooled helicon antenna window is necessary for steady-state operation of the linear plasma facility, MPEX. A staged research and development plan for design of the window has been developed. Results from the design and analysis of a water-cooled window, with no elastomer vacuum seals show a viable design. However, the design presented in this paper still requires some refinement for manufacturability, reduced pressure drop, and structural integrity of the ceramicto-metal joint. Analysis of a final design, with procurement activities are underway in advance of testing at a facility with a steady-state helicon antenna source.
